Abstract-We study in this paper the capacity of the downlink of OFDMA-based IEEE802.16 WiMAX system in the presence of two types of traffic, streaming and elastic. We focus in particular on the impact of Adaptive Modulation and Coding (AMC) as well as inter-cell interference resulting from different frequency reuse schemes. Several performance measures, namely blocking rates, mean transfer time and the mean number of collisions between two OFDMA WiMAX cells, are then derived and quantified. We show that reuse partitioning results in a lower blocking probability for streaming flows in the inner region but a much higher one for elastic flows in the outer region; the overall cell throughput increases meaning that the decrease in the number of collisions improves the overall throughput.
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I. INTRODUCTION
WiMAX systems are based on versions d and e of the IEEE802.16 standard which defines a physical (PHY) and medium access control (MAC) layers for broadband wireless access systems operating at frequencies below 11GHz. The first of these standards, published in 2004, addresses fixed services while the second, published in 2005, is intended for mobile services.
The IEEE 802.16e specifications define three different PHY layers: single-carrier transmission, Orthogonal FrequencyDivision Multiplexing (OFDM), and OFD Multiple Access (OFDMA). The multiple access technique used in the first two of these PHY specifications is pure TDMA, while the third technique uses both the time and frequency dimensions for resource allocation. From these three PHY technologies, OFDMA has been selected by WiMAX Forum [1] as the basic technology for portable and mobile applications. Compared to TDMA, OFDMA leads to a significant cell range extension. This is due to the fact that the transmit power of the mobile station is concentrated in a small portion of the channel bandwidth which increases the Signal-to-Noise Ratio (SNR) at the receiver. Another interesting feature of OFDMA is that it eases the deployment of networks with a frequency reuse factor of 1, thus eliminating the need for frequency planning.
In wireless communication systems, random fluctuations prevent the continuous use of highly bandwidth-efficient modulation, and therefore Adaptive Modulation and Coding (AMC) has become a standard approach in recently developed wireless standards, including WiMAX. The idea behind AMC is to dynamically adapt the modulation and coding scheme to the channel conditions so as to achieve the highest spectral efficiency at all times [2] . Adaptive modulation changes the coding scheme and/or modulation method depending on channel-state information -choosing it in such a way that it squeezes the most out of what the channel can transmit. In OFDMA, modulation and/or coding can be chosen differently for each sub-carrier, and it can also change with time. Indeed, in the IEEE802.16 standard, coherent modulation schemes are used starting from low efficiency modulations (BPSK with coding rate 1/2) to very high efficiency ones (64-QAM with coding rate 3/4) depending on the SNR. It has been shown that systems using adaptive modulation perform better than systems whose modulation and coding are fixed [3] . Adaptive modulation increases data transmission throughput and the system reliability by using different constellation size on different sub-carriers.
In a cellular OFDMA system, adjacent cells using subcarriers of exactly the same frequency and time can cause interference to one another unless inter-cell interference mitigation techniques are applied. This interference takes the form of collisions, the number of which increases as mobile stations get closer to the edge of the cell. To combat this, a reuse partitioning [4] scheme can be applied and controls the reuse factor in different parts of the cell.
In the literature, several works considered the capacity of broadband wireless OFDMA-based WiMAX systems. In Reference [10] for instance, work has been done on one region only without taking AMC into account. In Reference [11] , focus was mostly on interference in a multi-cell setting without reuse partitioning. In this work, we focus on the capacity of OFDMA-based WiMAX systems considering both intra-cell AMC and inter-cell collisions in the presence of two types of traffic, constant-bit-rate streaming flows, such as voice, and elastic data ones which are governed by TCP at the transport layer, with and without reuse partitioning. [3] , the minimum frequencytime unit of sub-channelization is one slot, which is equivalent to 48 sub-carriers) and a frame is constructed by a number of slots. Let N denote the total number of sub-carriers of all types, pilots, guard and data, (and which is equal to the size of the FFT) and let N' denote the total number of data subcarriers after reserving the pilot and guard sub-carriers which we divide into L groups, each with K = N'/L data subcarriers.
In OFDMA-based WiMAX system, resource allocation is done in time-frequency domain: a call may share a sub-channel with other users. This is illustrated in Figure 1 where The path loss for the free space model is given by [8] :
where GE is the emitter antenna gain, GR is the receiver antenna gain, Ri is the distance between the emitter and the receiver and A is the wavelength. This path loss is also equal to: (2) where PE is the emitted power and N is the thermal noise (in units of decibels) which is equal to:
B. AMC and cell decomposition
In this work, and without loss of generality, we study AMC in the presence of path loss only which we characterize by a certain value (; high efficiency modulation is used for users where i A< «, corresponding to a large SNR1. This results in the division of the cell into r regions, i = 1... r (see Figure   2 ), which we assume to be concentric circles of radius Ri for simplicity, but might be of different topology if we take into account other phenomena, such as fast-fading. In each region, users have the same modulation scheme and experience thus a corresponding bit rate which decreases as users get further from the base station.
To calculate the area covered by each modulation scheme, we must determine the maximal distance Ri between Base Station (BS) and users using a corresponding modulation. This distance is determined using the maximal SNR a user should receive without data loss. Different values of received SNR for different modulation/coding schemes have been calculated in Reference [6] and are shown in Table I (first three columns).
We shall now use them to calculate Ri.
'Please note that, for the time being, only the SNR matters, and not SINR, the Signal to Interference plus Noise ratio, as we now investigate the case of one cell in isolation. Later in the text, the multiple-cell setting will arise along with underlying interference and SINR. T = 1.38. 10-23watt/K -Hz is the Boltzmann constant, T is the temperature in Kelvin (T = 290) and W is the transmission bandwidth in Hz.
Using the above equations, we can calculate the relationship between the distance and the SNR as follows: on the basis of Processor Sharing (PS) [9] . (7) where L' and Li denote the number of sub-channels allocated to streaming and elastic calls in region Si respectively and L is the maximum number of sub-channels in the cell.
We now determine the steady-state probability vector II {X( n )nS}. Note that the corresponding system is non homogeneous as the departure rate of elastic calls depends on the overall number of calls in the system whereas streaming calls do not.
The solution of the steady-state distribution is obtained by solving the set of linearly independent equations given by: II Q=0
--e 7(-n-) = I En (8) To construct the transition matrix Q, we must consider all possible transitions between neighboring states. Let q( n n') denote the transition probability from state n to neighboring states n'. Note that when we accept a new call in region Si, I < i < r the state is noted by n"s.e and when a call 31n fact, the total length of an elastic flow in units of packets is found to follow a log normal distribution, according to the measurement-based modelling [7] (9) and the values q( n -> n) must (11) where n, is the mean number of elastic flows in region Si.
IV. REUSE PARTITIONING IN OFDMA WIMAX A. Reuse partitioning
Frequency reuse is the technique of increasing data capacity without compromising range. In the simplest case, the available channel is subdivided into groups, and the channel frequencies in each group are assigned to a cell with adjacent cells operating at different frequency sub-channels in order to maximize spectral efficiency. When a frequency reuse of one is used all cells operate on the whole frequency band. In a frequency reuse 3 scheme, each cell is allocated a third of the frequency band, and a 3-cell pattern is used. The first method suffers from the degradation in the quality of connection due to CoChannel Interference (CCI), while in the second method capacity is also reduced as a cell can only use a third of the total frequency band. To combat this, and to improve the spectral efficiency of cellular systems, a reuse partitioning scheme [4] can be applied. This means that a dynamical repartition of the bandwidth is applied between different interfering and non-interfering regions in the cell. In this section, we apply this reuse partitioning concept to OFDMA WiMAX (see Figure 4) and derive next the impact of this reuse partitioning on the number of collisions in the cell in avoiding interference at the cell edges. 
B. Collisions
There are several approaches as how to distribute available sub-carriers to sub-channels. The simplest one consists of picking randomly sub-carriers from available ones such that any available sub-carrier has the same probability to get allocated to an arriving user. We refer to this method as random allocation of sub-carriers which does not require any coordination between cells. Other allocation algorithms, such as based on frequency selectivity, are possible. We however restrict our focus in this work to random ones so as to highlight best the generic performance of OFDMA based systems. In the case of two cells, the following lemma establishes the mean number of collisions when the number of occupied sub-carriers is (L x Ki) and (L x K2) in cell 1 and cell 2 respectively.
Lemma 1: The mean number of collisions in L subchannels is given by: and nlc is the number of non-colliding sub-carriers in cell 1; nlc C {O : K -c}.
Proof: Let Ki denote the number of occupied subcarriers in each group of N/L sub-carriers in cell i. Recall that c is the number of collisions in each group; it ranges between above-mentioned Cmin and Cmax. The probability of having c collisions in this group of subcarriers is equal to the ratio between the number of possible allocations such that the number of colliding sub-carriers is c to the total number of possible allocations.
Collisions are possible in the group of (N/L) sub-carriers, which implies that we have (NJL) possible combinations for collisions in the collision zone of cell 1 and (nL C) possible combinations for non-colliding sub-carriers in the same cell.
Knowing that cell 1 has chosen a given set of Ki sub-carriers, the number of possible combinations for the non-colliding sub- 13). Based on the collisions in each of the L groups, the total number of collisions C in the total channel (bandwidth) is given by: C =zf 1 ci. These collisions being independent and the groups identical, we obtain the mean number of collisions in Eqn. (12) . i
Lemma 2: The mean number of collisions in the system is equal to [11] 
V. NUMERICAL RESULTS
We now present some numerical results obtained by the simulation of our flow model when applied to an OFDMA system with an FFT size of 1024 sub-carriers and considering without loss of generality 2 regions with AMC respectively 16-QAM 3/4 (E1 = 3 bit/symbol) and QPSK 1/2 (E2 = 1 bits/symbol). These parameters of efficiency corresponds to the transmission modes with convolutionally coded modulation [12] .
Moreover Based on Equation (5) and using a baud value B = 2666symbol/sec and K = 48, R' = 128Kbps , R' = 384Kbps. We first start with the case of a single cell where the number of sub-carriers is the same in the outer and inner regions, i.e., without reuse partitioning. Figures 5 and 6 show the blocking probability for, respectively, streaming and elastic flows as a function of an increasing arrival rate of streaming flows. And this for the two regions, the inner one (labeled 16-QAM 3/4) and the outer one (labeled QPSK 1/2). We observe in terms of blocking that we have only one class for streaming flows in the inner and outer region. Data flows however are elastic and share capacity among themselves in a fair manner on the basis of processor sharing. This makes them obtain the same blocking rate. They however obtain different mean transfer times in each region corresponding to the bit rate they achieve therein, as shown in Figure 7 .
We next turn to the case when reuse partitioning is enabled. With respect to Figure 4 , the number of sub-channels in the inner region LlI remains unchanged whereas their number in the outer region is decreased, LIE = 4.
This decrease in the number of sub-channels in the outer region leads to new blocking probabilities for both types of traffic as shown in Figures 8 and 9 for, respectively, streaming and elastic flows as a function of an increasing arrival rate of streaming flows for the two regions, inner and outer.
For streaming flows, the blocking probability in the inner region decreases as flows in this region have now access to all sub-channels whereas flows in the outer region do not. The latter have thus higher blocking. For data flows however, both blocking rates, inner and outer, increase with respect to the case with no frequency reuse, as more streaming flows are now accepted; with a higher increase in the outer ring as less sub-channels are now available. Now, the mean number of collisions in the system is equal to 10-2 without reuse partitioning and half that when reuse partitioning is enabled. And so, one would expect a higher overall throughput for the cell. This is the case, as shown in Figure 10 , and which means that the decrease in the number of collisions when reuse partitioning is enabled improves the overall throughput.
VI. CONCLUSION
In this paper, we considered the calculation of capacity of the downlink of OFDMA-based IEEE802.16 WiMAX systems, focusing on the effect of AMC as well as reuse partitioning and underlying collisions in the case of more than one cell. And this, for two types of flows, constant-bit-rate streaming and elastic data.
Our next step shall be on QoS issues, especially for streaming traffic which suffers from degraded performance as users get away from the base station in the case of mobility. 
